496 


' r 


REPORT  DOCUMENTATION  PAGE 


V"JJ*,PORT  NUMBER 


fa 


2 GOVT  ACCESSION  NO 


MECHANISMS,  BRANCHING  RATIOS  AND  RATE  CONSTANTS 
FOR  EXCITATION  PROCESSES  IN  RARE  CAS  SYSTEMS  , I 


V 


yiNNUAL  TECHNICAL 
^anuary  U76 


f/- 


ji  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

' D.  W.  Setser 

; Chemistry  Department,  Kansas  State  University 
■ Manhattan,  Kansas  66506 


I I CONTROLLING  OFFICE  NAME  ANO  ADDRESS 

Advanced  Research  Projects  Agency 
1400  Wilson  Boulevard 
Arlington,  V'a.  22209 


UC 


I*  monitoring  nGFnCY  NAME  6 AOORESSFM  dlttynl  Irom  Controlling  Olll  c») 

Physics  Program 
Office  of  Naval  Research 
800  N.  Quincy  Ave.  — 

Arlington,  Va.  22217 


AODRESSfFZ  liH/wwil  I 


/. 


RF.AD  INSTRUCTIONS 
BFFORE  COMPLETING  FORM 


3_aeClP|ENT*S  CATALOG  NUMBER 


»c-o*  nfcn^ftj 


3-A.tUefHQD 

CAL  REI^tTA  L . 

- Jjm  ivm*y  If  7 A j 


8 contract  or  grant  number^*) 

NQOO 14 -7  6-0-^0380^1^ 

Vr.; A Q,A*,~ 


PW08WAM  EL€»KT«TSR«OJgTfr  TASK 
AREA  » WORK  UNIT  NUMBERS 

ARPA  Order  No.  284014 
Program  Code  421 


January,  If 7 7 / 


13  NUMBER  OF  PAGES 

33 


IS  SECURITY  CLASS,  (o I thlt  rmporl ) 

Unclassified 

IS*.  OECLASSI  FI  CATION/ DOWNGRADING 
SCHEDULE 


. IF  DISTRIBUTION  STATEMENT  (ol  lh/»  Rtport) 


Approved  for  public  release;  distribution  unlimited 


’7  DISTRIBUTION  STATEMENT  (of  the  abstract  entered  In  Block  10,  It  dl/farant  from  Raport) 


18  SUPf’l  EMENTARY  notes 


jTi  KEY  WORDS  (Continue  on  raver aa  aide  if  neceasery  and  Identify  by  block  number) 

1 

I Rare  gas  metastable  atoms,  quenching  rate  constants,  product  branching  fractionsj 
Ihgtfiing  ionization. 


TRACT  (Continue  on  revarae  aide  II  neceaamry  and  Identify  by  block  number) 

^The  work  done  with  support  from  this  contract  can  be  divided  into  three 

■pgor  ies : 

. Measurement  of  total  quenching  rate  constants  and  branching  fractions 

for  krypton  halide  formation  for  me t as tj able-  krypton  atoms-  xeac ting 

with  halogen  containing  molecules.  /'The  decay  rates  of  Kr(3?2)  and 
Xe(-*Po)  in  pure  argon  also  has  been  studied. 


DO  , "Tn  1473  EDITION  OF  I NOV  65  IS  OBSOLETE 


#00  7 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  fMTi.n  D»(»  Enl»r»dJ 


/ 


( 


V 


SECURITY  CLASSIFICATION  OF  THIS  PAOCflfhan  Data  StU.ndJ 


20.  Continued 


2. 


Construction  of  an  apparatus  which  will  permit  the  measurement  of  the 
rate  constants  for  electronic  excitation  of  products  resulting  from 
charge  transfer  reactions  of  life 2* . These  charge  transfer  reactions 
will  be  compared  to  the  Penning  ionization  reactions  of  He(2-*S)  atoms; 
some  data  already  have  been  acquired  for  the  latter. 


Investigation  of  the  applicability  of  .tjhe  ionic-covalent  curve-cross! 
mechanism  for  the  formation  of  Bf^*,  I^-  and  other  excited  states  of 
molecular  halogens  that  have  been  demonstrated  to  be  candidates  for 
U.V.  lasers. rv 


All  of  this  work  is  directed  toward  discovery  of  new  excitation  processes 
in  electrically  pumped  rare  gases  that  might  lead  to  new  visible  and  U.V. 
lasers  or  to  measurement  of  kinetic  data  that  will  be  of  value  to  modeling  cal- 
culations for  known  laser  systems. 


SECURITY  CLASSIFICATION  OF  THIS  PAGEPWian  Dim  Enfararf) 


1 


ANNUAL  TECHNICAL  REPORT 


ARPA  Order  Number: 

Program  Code  Number: 
Contractor: 

Effective  date  of  Contract: 
Contract  Expiration  Date: 
Amount  of  Contract: 

Contract  Number: 

Principal  Investigator: 

Scientific  Officer: 


Short  Title  of  Work: 


Sponsored  by: 


Disclaimer : 


y 


\ 


2840  Amend.  //4 
6E20 

Kansas  State  University 
Manhattan,  Kansas  66506 

January  1,  1976 

December  31,  1976 

$35,000 

N00014-76-C-0380 

D.  W.  Setser 
913-532-6692 

Director,  Physics  Program 
Physical  Science  Division 
Office  of  Naval  Research 
800  N.  Quincy  Street 
Arlington,  VA  22217 

Mechanisms,  Branching  Ratio 
and  Rate  Constants  in  Rare 
Gas  Systems 

Advanced  Research  Projects 
Agency 

ARPA  Order  No.  2840/4 

The  views  and  conclusions 
contained  in  this  document 
are  those  of  the  authors  and 
should  not  be  interpreted  as 
necessarily  representing  the 
official  policies,  either 
expressed  or  implied,  of  the 
Advanced  Research  Projects 
Agency  of  the  U.S.  Government. 


-I- 


ANNUAL  TECHNICAL  REPORT 
(Contract  No.  N00014-76-C-0380) 

MECHANISMS,  BRANCHING  RATIOS  AND  RATE  CONSTANTS 
FOR  EXCITATION  PROCESSES  IN  RARE  GAS  SYSTEMS. 

Summary 

The  work  done  with  support  from  this  contract  can  be  divided  into  three 
categories : 

I.  Measurement  of  total  quenching  rate  constants  and  branching  fractions 
for  krypton  halide  formation  for  metastable  krypton  atoms  reacting 
with  halogen  containing  molecules.  These  results  can  be  compared  to 
similar  data  obtained  previously  from  this  laboratory  for  reactions 

O O 

of  argon  and  xenon  metastable  atoms.  The  decay  of  Kr(  P2)  and  Xe(  P2) 
in  pure  argon  also  has  been  studied. 

II.  Construction  of  an  apparatus  which  will  permit  the  measurement  of  the 

rate  constants  for  electronic  excitation  of  products  from  charge  transfer 

reactions  of  He„+.  These  charge  transfer  reactions  will  be  compared  to 

3 

the  Penning  ionization  reactions  of  He(2  S)  atoms;  some  data  have  been  ac- 
quired for  the  latter  and  are  included  here. 

III.  Investigation  of  the  applicability  of  the  ionic-covalent  curve-crossing 

A ★ 

mechanism  for  the  formation  of  , I2  and  other  excited  states  of 

molecular  halogens  that  have  been  demonstrated  to  be  candidates  for  U.V. 
lasers . 

All  of  this  work  is  directed  towards  discovery  of  new  excitation  processes  in 
electrically  pumped  rare  gases  that  might  lead  to  new  visible  and  U.V.  lasers  or 
to  measurement  of  kinetic  data  that  will  be  of  value  to  modeling  calculations 
for  known  laser  systems. 

Dr.  Robert  Chang  and  Mr.  John  Kolts  worked  full  time  on  the  contract.  In 
spite  of  this  being  the  first  year  of  effort,  a reasonable  amount  of  laboratory 
measurements  have  been  made.  This  report  will  be  divided  into  three  chapters 
according  to  the  topics  outlined  above.  A paper  has  been  published  describing 
the  work  done  in  III,  and  the  reprint  of  that  paper  comprises  the  section  for 
III.  The  report  for  the  other  two  sections  has  been  written  in  a style  that 
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will  permit  expansion  into  manuscripts  suitable  for  journal  publication; 
experimental  data  rather  than  extensive  interpretation  are  emphasized.  In 
addition  to  the  data  obtained  for  He(2^S)  reactions,  construction  of  the 
apparatus  that  will  be  used  to  monitor  He2+  reactions  is  described  in  Section  II. 

3 3 

I.  Diffusion,  Two-Body,  and  Three-Body  Deactivation  for  Ar(  P„) , Ar(  P_) , 

3 3 * T 

Kr(  P^)  and  Xe(  P^)  in  Argon  and  Total  Quenching  Rate  Constants  for  Kr(  P2) 

with  Various  Molecules. 

J.  H.  Kolts  and  D.  W.  Setser 


I-A.  Introduction 

Interest  has  focused  on  electronic  energy  transfer  reactions  of  the  rare 
gas  metastable  states,  because  this  class  of  reactions  is  of  considerable 
importance  to  visible  and  ultraviolet  lasers.  In  previous  work  from  this  lab- 
oratory, the  total  quenching  rate  constants  have  been  reported  for  the  react- 

3 3 3 3 

ionsofAr(  P„) , Ar(  P ) , Xe(  P?),  and  to  much  lesser  extent  for  Kr(  P„)  with 

^ U 1 2 3 1 

various  quenching  molecules.  * ’ These  experimental  measurements  have  employed 

the  flowing  afterglow  technique.  As  will  be  demonstrated  by  the  data  reported 

3 

here,  the  total  quenching  rate  constants  for  Kr(  P ) generally  follow  the  trend 
3 3 ^ 

established  for  Ar(  P2)  and  Xe(  P2)  metastable  states.  By  combining  the  total 
quenching  rate  constants,  k^,  with  the  rate  constants  for  individual  exit 
channels,  the  branching  fraction  k^./k^  for  individual  exit  channels  can 

be  ascertained.  The  determination  of  the  exit  channel  rate  constants  by  emis- 
sion spectroscopy,  will  be  the  objective  of  our  future  work. 

In  addition  to  rate  constants  for  quenching  by  additive  molecules,  preliminary 

rate  constants  for  the  diffusion,  two-body  deactivation,  and  three-body  deacti- 
3 3 3 3 

vation  rates  or  Ar(  P?),  Ar(  Pn),  Kr(  P„)  and  Xe ( P9)  in  argon  have  been  obtained. 

3 1 3 u 1 

Results  for  Ar(  P2)  and  Ar(  P^) , which  can  be  compared  with  literature  values, 

support  the  validity  of  the  experimental  technique.  The  two-body  rate  constant 

3 3 

for  Ar(  P ) is  approximately  ten-fold  larger  than  for  Ar(  P2 ) ; however,  the 

three-body  rate  constants  are  about  equal.  The  two-body  rate  constants  for 

3 3 3 

Kr(  P2)  and  Xe(  P ) resemble  that  for  Ar(  P-).  The  three-body  rate  constant 

3 1 1 3 

lor  Kr(  P„)  is  a factor  of  3 lower  than  for  Ar(  P?);  the  three-body  rate 

L 3 1 

constant  for  Xe(  P2)  was  too  small  to  be  experimentally  measured. 


I-B.  Experimental  Results 

The  experimental  flowing  afterglow  apparatus  was  essentially  that  used 
12  3 

in  previous  work.  * * Argon  metastables  were  produced  in  a cold-cathode 


discharge;  the  gas  flow  subsequently  passes  through  a right  angle  bend  to 
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eliminate  effects  arising  from  trapping  of  resonant  radiation  produced  in  the 
cold-cathode  discharge.  Krypton  and  xenon  raetastables  were  produced  by  adding 
either  krypton  or  xenon  to  the  gas  flow  upstream  of  the  discharge.  Enough 
xenon  or  krypton  is  added  to  eliminate  all  of  the  argon  metastabie  atoms  before 
the  gas  flow  reaches  the  reaction  region.  Typical  xenon  and  krypton  flows  are 
0.10  mmole/min  and  0.60  mmoles/min,  respectively.  The  Ar  carrier  flow  is 
0.152  moles/min. 

The  reactor  portion  of  the  flow  tube  consists  of  31  mm  i.d.  pyrex  tube 
fitted  witli  a shower  head  reagent  inlet  system  and  quartz  observation  windows 
spaced  along  the  flow  tube.  Typical  flow  velocities  are  80  to  90  meters  per 
second;  the  pumping  was  provided  by  a Roots  type  blower  backed  by  a 50  1/sec 
mechanical  pump.  Flow  tube  pressures  were  monitored  using  a Celesco  Industries 
PD7  pressure  transducer,  positioned  at  the  midpoint  of  the  flow  reactor.  Argon 
flows  were  measured  using  a Fischer-Porter  floating-ball  flow  meter. 

The  concentration  of  Ar,  Kr,  or  Xe  metastables  was  followed  by  atomic 
absorption  spectroscopy  using  a modified  Beer-Lambert  law,'*' 

I = IQ[exp-a([M*]l)Y] , (1) 

with  y = 0.95  and  [M*]  being  the  metastable  atom  in  question.  Source  lamps 

used  for  the  absorption  measurements  were  Oriel  Optics  pen-ray  lamps  operated 

in  the  AC  mode.  The  optical  system  consisted  of  a 0.3m  McPherson  monochromator 

fitted  with  a RCA  7102  photomultiplier  tube  cooled  to  approximately  240°K.  The 

light  beam  was  chopped  and  fed  to  a PAR  phase-lock  amplifier.  The  absorption 

of  the  Kr  811.2  nm  line  was  typically  23%  for  a triple  light  pass  across  the 

reactor.  This  absorption  corresponds  to  a metastable  krypton  atom  concentra- 

10  -3 

tion  in  the  flow  reactor  of  'vlxlO  metastables  cm  . The  concentrations  of 
3 3 

Xe(  P^)  and  Ar(  P^)  are  higher  by  a factor  of  ^2. 

Argon  carrier  gas  was  supplied  by  Air  Products  with  a rated  purity  of 
99.995%.  Prior  to  entering  the  discharge,  the  argon  was  first  passed  at  high 
pressure  through  a room  temperature  zeolite  trap  and  then  through  two  low 
pressure  liquid  nitrogen  cooled  zeolite  traps.  Krypton  and  xenon  was  purchased 
from  Cryogenic  Rare  Gas  Labs  (Research  Grade)  and  were  metered  into  the  Ar 
flow  without  further  purification.  Reagents  used  for  the  determination  of 
total  quenching  rate  constants  were  either  distilled  or  sublimed  under  vacuum 
several  times  before  being  mixed  with  argon  diluent  (85  to  90%).  Most  reagents 
were  stored  in  glass  storage  bulbs.  Florine  and  flourine  containing  reagents, 
which  react  with  glass,  were  stored  in  passivated  stainless  steel  containers. 
Reagent  flows,  typically  1-20  pmoles/min,  were  measured  by  monitoring  the 

change  in  pressure-vs-time  in  a calibrated  standard  volume.  Without  altering 
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the  flow,  the  reagent  gas  then  was  diverted  to  the  flow  reactor  for  the  quench- 
ing measurements. 

To  find  D^,  k^  , and  k^  the  following  first  order  rate  law  was  used: 

in  = — + k [Ar]  + k„ [Ar]2  + k [Q] )t . (2) 

1 J A [Ar]  4 

t>0  is  the  diffusion  coefficient,  A is  the  characteristic  diffusion  length,  k^ 
is  the  two-body  deactivation  rate  constant  , k^,  is  the  three-body  deactiva- 
tion rate  constant,  and  k(^  is  the  quenching  rate  constant  for, the  reagent,  Q. 

For  low  values  of  absorption  } <25%,  the  Beer-Lambert  relation  can  be  used  and 

3 3 

ln(ln  I/IQ)  o ln[M*]/[M*]o.  The  concentration  of  the  Kr(  P^)  and  Kr(  Py) 

states  were  below  the  detectable  limits  of  atomic  absorption  spectroscopy. 

3 

Thus,  these  states  can  not  affect  the  kinetics  for  Kr(  P„).  Also  the  concen- 

1 3 

tration  of  Kr  is  sufficiently  small  that  encounters  between  Kr(  P^)  and  Kr 
can  be  neglected. 

In  the  absence  of  added  reagent,  the  pseudo  first  order  rate  constant, 

K'  governing  the  decay  of  the  metastable  atoms  is  given  by 

D - 

K'  = — + k [Ar]  + k„ [ Ar ] . (3) 

A^fAr] 

The  pseudo  first  order  rate  constants  are  measured  by  observing  the  decay  of 

3 

[M*]  along  the  flow  reactor.  The  results  for  Kr(  P£)  and  shown  in  Figure  1 

for  the  0.5  to  3.5  torr  range.  In  order  to  assign  Dq,  k^  and  k9,  these  K' 

values  were  fitted  to  equation  3 using  a non-linear  least -squares  computer 

routine.  The  line  in  Figure  1 shows  the  degree  of  fit.  The  range  of  pressure 

that  can  be  used  is  rather  narrow  because  as  K'  increases,  [M*]  rapidly  decliues 

at  the  last  few  windows.  A further  limitation  is  thut  the  Roots  blower  can 

accept  only  3 Torr  at  the  entrance  port  without  overheating.  In  order  to  obtain 

higher  pressure,  it  is  necessary  to  throttle  the  flow,  which  further  accelerates 

the  decay  of  [M*]  along  the  tubular  reactor.  Additional  measurements  are  needed 

at  higher  pressure  to  permit  more  reliable  rate  constant  assignments;  however, 

preliminary  values  of  the  rate  constants  are  reported  in  Table  I along  with  some 

pertinent  literature  values.  The  diffusion  coefficient  and  two-body  de-exc.itation 

3 

rate  constants  for  Ar(  Py)  compare  well  with  the  results  of  Ellis  and  Twiddy; 
however,  the  three-body  deactivation  is  a factor  of  two  larger  than  their  value. 

3 

In  the  case  of  Ar(  P^) , our  two-body  rate  constant  agrees  with  the  literature 
values  but  again  the  three-body  rate  constant  is  larger  than  the  generally  accepted 
value.  We  are  unaware  of  any  prior  measurement  of  the  decay  constants  for 
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Tab  le 

I Diffusion,  Two- 

Body,  and  Three-Body 

Rate  Constants 

System 

Do(cra  sec  ) 

kj(cm3molec  'sec  3) 

k9(cmbmolec  2sec  3) 

Ar(3PQ)+Ar 

(1.98+0. I)xl018a 
(1. 77+0. 17) xl018b 

(5. 22+0. 9) xlO 
(5.6+0. 7)xlO_l5b 

(2.6+0.9)xl0 

(1.4+0.15)xl0_32b 

Ar(3P2)+Ar 

(2.09+0. I)xl018a 

(1.66+0. 17)xl018b 

- n 18c 
1.76  x 10 

1 Sa 

(0.75+0.3)xl0 

(1.0+0. 3)xl0_15b 
-15c 

1.23  x 10 

(3. 34+0. 4) x 10 

(1. 7+0. 2)xl0_32b 
-32c 

0.85  x 10  C 

Kr(3P?)+Ar 

1 8^ 

(3.22+0.3)xl0 

(1. 69+0. 6) xl0_15a 

-32n 

(1.25+0. 7)xl0 

Xe(3P2)+Ar 

(3.14+0.4)xl0  a 

(1. 73+0.6)xl0“15a 

(0. 1+0. 1)  xlO 

Kr(3P2)+Kr 

. c-n  1n18d 

1.52  x 10 
0.91  x 1018e 

9.0  x 10_15d 
2.44  x 10_15e 

c in-32d 

5.  36  x 10 

2.59  x 10~32e 

Xe(3P2)+Xe 

3.65  x 10-15f 

-32f 

8.5  x 10 

a.  This  work 


b.  E.  Ellis  and  N.  D.  Twiddy,  J.  Phys.,B:  Atom  Molec.  Phys.  2,  1366  (1969) 

c.  A.  V.  Phelps  and  J.  P.  Molnar,  Phys.  Rev.  89,  1202  (19r3) 

d.  R.  T.  Ku,  J.  T.  Verdeyen,  B.  E.  Cherrington,  and  J.  0.  Eden,  Phys.  Rev. 

A8,  3123  (1973) 

e.  C.  J.  Tracy  and  H.  J.  Oskam,  J.  Chem.  Phys.,  65,  1666,  (1976) 

£.  P.  R.  Timpson  and  J.  M.  Anderson,  Can.  J.  Phys.  4j3,  181  7 ( 1970) 
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Kr(^P.>)  and  Xe(^P^)  in  Ar.  The  values  of  Kr(^P0)  in  krypton  1 

xenon  are  included  in  Table  I for  comparison  purposes.  In  each  .1  ••  w 

body  rate  constants  in  Ar  much  smaller  than  in  the  heavier  rare  g.i  ..  In  :.i  1 

n 3 3 

the  two-body  rate  constants  for  Ar(JP2),  Kr(  P9)  and  Xe  ( P^)  are  the  ,a!;u 

to  within  experimental  error.  The  most  interesting  finding  is  that  the  three- 

body  rate  constant  for  Kr(^P.;)  in  Ar  is  "normal";  whereas,  for  Xel'V.,)  the 

three-bodv  rate  constant  was  too  low  to  be  measured  (note  that  the  error  limit 

gives  an  upper  limit  of  <0.2  x 10  cm*5  molec  ^ sec  *)• 

For  the  determination  of  the  quenching  rate  constants  by  added  reagent, 

the  [Mj  is  measured  vs  distance  for  a fixed  concentration  of  [Q]  and  constant 

argon  pressure.  The  experiment  is  repeated  for  various  flows  of  reagent 

(see  figure  2)  and  a set  of  pseudo  first  order  rate  constants  for  various  Q 

are  obtained.  Then  rate  constants  are  plotted  vs  Q,  see  Figure  3,  and  the 

slope  from  the  resulting  line  gives  the  quenching  rate  constants  for  various  Q. 

Actual  data  reduction  is  done  using  linear  least  square  fits;  typical  standard 

deviation  are  +10%.  The  absolute  uncertainty  is  considerably  larger  because 

of  uncertainties  in  the  conversion  of  flow  distance  to  flow  times.  The  long- 

3 

term  reproducibility  was  checked  by  studying  the  reactions  of  Kr(  P,,)  + NF^ 
and  Xe(V,)  + Br.;.  Three  separate  experiments  were  done  for  each  case  using 
three  different  mixtures  with  time  periods  between  experiments  of  up  to  eight 
months.  For  each  case  the  deviation  from  reported  values  was  less  than  10%. 

As  a check  on  our  handling  procedures  of  florine  compounds,  separate  runs 
were  made  on  a laboratory  prepared  F„  mixture  and  a commercially  prepared  F9 

3 

mixture.  Rate  constant  values  for  Kr  ( P.;)  + F2  for  the  two  mixtures  were 
hi  and  71  x 10  ^ cm^  molec  * sec  \ respectively. 

3 

The  work  done  during  the  past  year  has  been  focused  upon  Kr(  P„)  reactions. 

3 1 3 

The  results  are  tabulated  in  Table  2;  previous  studies  with  Ar ( P?)  and  Xe ( F2) 

are  included  for  sake  of  completeness.  With  the  exception  of  some  of  the  reagents 

which  have  small  rate  constants,  the  values  of  k ^ for  the  same  reagent  tend  to 

be  similar  for  all  three  metastable  atoms.  Three  noteable  exceptions  may 

3 

be  C„H . , N„0  and  C0„  reacting  with  Kr ( P,.);  these  molecules  will  be  reinvestigated 
Z D Z Z Z 

to  further  check  the  values  in  Table  2.  Conversion  of  the  rate  constants  to 
cross-sections  give  cross-section  values  that  cjo  increase  somewhat  in  the  Ar , 

Kr,  Xe  series,  because  the  thermal  velocity  declines  in  the  series,  i.e. 

Op  = k^/<v>.  Tlie  rate  constant  measurements  are  nearly  complete.  We  only 


"-•*«*«* 


SV»  , 
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Table  2 continued 


Ar(  5P  J 


a (A2) 


Xr(  P., ) 
uiA2) 


Xe(  P2 ) 


C2H6 

66 

109 

50 

93 

64 

125 

N2 

3.6 

5.8 

0.39 

.7 

1.9 

3.7 

n2o 

44 

81 

31 

66 

44 

100 

NO 

22 

36 

16 

29 

25 

48 

S°2 

58 

139 

°2 

21 

35 

16 

31 

22 

44 

H2 

6.6 

3.6 

3 

1.7 

1.6 

0.9 

CO 

1.4 

2.3 

5.7 

10 

3.6 

7.0 

CO 

z 

53 

97 

34 

72 

45 

103 

Xe 

18 

40 

16 

46 

Kr 

0.6 

1.  3 
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intend  to  measure  rate  constants  for  rig,  It,  and  a limited  number  >t  other  rear 
Attention  than  will  be  given  to  determination  . >du.  t s from  Lhi  quench  in.- 

react  ions . 


1 - Discuss  ion  o 1 Resul  ts 

Although  the  values  assigned  to  the  diffusion  coefficient; , the  two-body 
deactivation  rate  constants  and  the  three- body  deactivation  rate  constants  ,ir. 
preliminary,  they  are  sufficiently  reliable  to  reach  some  tentative  conclu- 
sions. The  diffusion  coefficients  for  the  metastable  atoms  art:  all  smaller 
than  for  ground  state  atoms  because  of  the  Increased  physical  size  of  the 
excited  state  atoms.  Although  the  effect  may  be  magnified  by  experimental 
error,  the  diffusion  coefficients  for  Xr(JP,)  and  Xe  ( P.,)  appear  to  be  larger 

_ i- 

than  for  Ar(^P,);  all  are  in  Ar . This  can  be  attributed,  at  least  in  part, 
to  the  combination  of  energy  exchange  and  mass  diffusion  lor  Ar*  in  Ar . 

This  combinat ion  of  processes  is  known  to  lower  the  apparent  observed  diffusion 
coefficient . ’ 

The  physical  interpretation  of  the  two-body  deactivation  process  for  the 

3 3 

( p .)  states  is  not  well  established.  Collisional  excitation  to  the  P,  level, 
followed  by  subsequent  rapid  decay,  is  not  consistent  with  the  nearly  equal 

magnitudes  of  the  rate  constants  found  for  Ar(  P.,),  Kr(^P.,)  and  Xe(^P~)  in 

3 y 1 

argon  because  the  energy  separation  between  the  P.  and  p,  states  increases 
in  the  series;  607,  945,  and  977  cm  This  conclusion  is  supported  by 
the  lack  of  a temperature  coefficient  for  the  two-body  step.  Thus,  the 
two-body  term  may  be  collision  induced  radiation  (or  radiative  recombination). 
Another  alternative  is  the  following  set  of  process! , written  for  convenience 
for  Ar  ( ^P.; ) . 

,3  . ^A  ** 

Ar(  P7)  + 2Ar  *-  Ar.,  4-  Ar 

1 L, 

**  B 

Ar„  hv  + 2Ar 


Ar(  P.,)  + 2Ar 


**  J 2 

The  steady  state  expression  gives  [Ar.,  ] = k , [ Ar  ( P ,, ) | [ Ar  1 / (k(  + k^[Ar]). 


The  loss  rate  of  Ar  [ P.,1  is  given  by 


kR[Ar2  1 = 


kRkA|Ar(  P2)}[Ar2]' 
k(J  + kp  [Ar] 


and  if  k [Ar]  > k then  an  effective  two-body  decay  process  results.  The 

** 

Ar  , is  used  to  represent  bound  states  just  slightly  below  the  dissociation 
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limit.  A scheme  similar  to  that  above  has  been  invoked  to  explain  tin- 

1 8 

collision  induced  emission  from  0(  S)  by  rare  gases.  Mere  work  clearly 

remains  to  be  done  to  characterize  these  two-body  processes. 

The  most  interesting  result,  as  well  as  the  most  pertinent  for  laser 

systems,  is  the  slow  three-body  process  for  Xe("^P.,)  in  argon.  Since  the 

three-body  process  represents  diatomic  excimer  formation,  this  result  is 

9 10 

consistent  with  the  failure  to  observe  ’ emission  from  an  ArXe*  excimer 

in  Ar/Xe  mixtures  excited  by  discharge  or  absorption  of  vac  U.V.  resonance 

energy.  The  ArXe*  excimer  must  have  a very  small  binding  energy.  In 

9 10 

contrast  the  ArKr*  excimer  emission  has  been  observed  ’ , which  is  consistent 

with  a "normal"  three-body  rate  constant.  During  the  next  few  months,  we 

3 3 3 

hope  to  study  the  vacuum  U.V.  emissions  from  Ar(  Pj ) , Xe ( P0)  and  Kr(  P0) 
in  argon  using  the  discharge  flow  apparatus.  Such  observations  should  help 
to  characterize  the  final  product  states  from  the  three-body  and  two-body 
steps . 

Discussion  of  the  Kr(^P^)  quenching  rate  constants  will  be  delayed 
until  more  is  known  about  the  exit  channel  distributions.  At  the  present 
time  KrF*  formation  rate  constants  from  F0,  NF^,  N0F, , OF,.  CF^OF,  NOF  and  GIF 
have  been  investigated.  The  results  are  tabulated  in  Reference  3.  The 
branching  fraction  for  KrF  formation  was  unity  only  for  F^  and  OF2 • In 
general  the  branching  fractions  for  XeF*  formation  tend  to  be  higher  than  for 
KrF*  formation.  A special  study ^ has  been  done  with  XeF,,*.  In  this  case, 
excitation  transfer  giving  XeF*,  which  subsequently  predissociates  to  give 
XeF*,  competes  with  reactive  quenching  giving  KrF*  + Xe  + F.  The  KrF* 

O o 

emission  (at  low  pressure)  extends  from  2450  A t slightly  beyond  1950  A. 

The  emission  from  the  other  krypton  halides  occur  at  even  shorter  wavelengths. 

Thus,  vacuum  U.V.  observations  are  necessary  to  definitely  measure  the  exit 

channel  rate  constants.  In  doing  this  work,  we  intend  to  use  the  internal 
3 

standard  method  with  either  Cl ^ or  F^  serving  as  the  standard. 
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1 1 — A Construction  of  a Flowing  Afterglow  Apparatus  for  the  study  of  He,,+  Reaction: 

The  construction  of  a new  flowing  afterglow  apparatus  that  can  generate  and 
monitor  He2  , as  well  as  observe  the  emission  from  electronically  excited  products 
generated  by  charge  transfer  reactions  with  He.,+^ is  the  major  construction 
project  of  this  contract.  The  block  diagram  below  summarizes  the  components 
of  the  apparatus. 


The  4”  pumping  part 
is  denoted  by  the  dotted 
lines.  If  is  used  to 
pump  the  4"  pipe  behind 
the  second  pinhole. 
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All  of  the  equipment  needed  for  the  spectroscopic  measurements  are  readily 
available  in  our  laboratory.  The  quadrupole  mass  spi<  iromeier  .uni  the  4"  anJ 
b"  pumping  stations  also  were  available.  However,  it  was  necessary  to  purchase 
the  large  mechanical  pump,  the  Roots  blower,  materials  for  the  differential 
sampling  inlet  for  the  mass  spectrometer,  components  for  the  flow  tube,  and  all 
gas  handling  and  pressure  measuring  components.  The  pumping  system  has  been 
designed  so  that  high  pressures  ('vlO  torr)  can  be  accepted  by  the  blower.  This 
is  important  since  He„+  is  generated  by  the  three-body  recombinations  of  He+ 
ions.  As  of  January  1,  1977,  all  of  the  apparatus  shown  in  the  diagram,  except 
the  electron  gun  filaments  and  power  supply 3were  installed.  However,  consider- 
able work  remains  to  be  done  before  experiments  can  be  done.  The  most  important 
tasks  are  tuning  up  the  mass  spectrometer,  which  has  not  been  used  for  about  18 
months,  reduction  of  vibrations  from  the  large  pump,  adjustment  of  the  sizes  of 
the  pinhole  leaks  on  the  nose  cones  separating  the  differentia]  pumping  zones, 
and  developing  the  "proper"  bias  potentials  on  the  nose  cones  for  sampling  of 
positive  ions.  We  are  in  close  contact  with  Dr.  Dan  Albritton  of  the  NOAA  labs 
and  will  be  following  his  advice  with  respect  to  solving  these  as  well  as 
problems  that  may  develop.  This  work  is  being  done  by  Mr.  John  Kolts.  During 
the  first  year,  he  has  mainly  supervised  the  shop  personnel  in  construction 
of  the  sampling  interface  and  assembled  components  as  they  become  available. 

3 

John's  main  laboratory  efforts  have  been  on  measuring  the  metastable  Kr ( P^) 
reaction  kinetics  (see  section  I).  During  the  forthcoming  year,  John  will 
divide  his  time  between  completing  the  Kr(^P9)  measurements  and  bringing  tin- 
new  He.,+  flowing  afterglow  apparatus  into  operation. 

3 

II-B  Rate  Constants  for  Exit  Channels  Giving  Emission  from  Quenching  of  He (2  S) 
by  Small  Molecules. 

R.  S.  F.  Chang  and  D.  W.  Setser 

Introduct ion 

1-4  5 

The  total  quenching  rate  constants  for  metastable  and  resonance  states 
of  the  rare  gas  atoms  have  been  measured  for  a variety  of  reagents.  For 
quenching  of  the  metastable  atoms  by  efficient  molecular  reagentSjU  correlation 
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has  been  found  between  the  magnitude  of  the  quenching  cross-sections  and  the  C 
1 2 r 

coefficient  or  polarizability  of  the  reagent  molecule.  This  correlation  i ; 

evidence  that  the  magnitude  of  the  quenching  cross-section  is  determined  by 

long  range  interactions  in  the  entrance  channel.  However,  the  distribution 

of  exit  channels  is  determined  by  subsequent  shorter  range  interactions  during 

the  collision  process.  In  order  to  more  fully  understand  the  quenching  reactions, 

the  exit  channels  need  to  be  characterized.  Our  laboratory  has  recently  assigned 

some  product  distributions  from  the  quenching  of  the  heavy  metastable  rare  gas 

atoms. ^ The  present  work  is  a continuation  of  our  efforts  and  deals  mainly 

3 

with  product  distributions  from  quenching  by  He(2  S).  Although  the  available 
3 

energy  from  He(2  S) , 19.80  eV,  exceeds  the  ionization  potential,  neutral 
dissociation  can  be  an  important  exit  channel  rather  than  Penning  ionization . b 
In  this  work  reference  reactions  with  known  rate  constants  for  a given  emission 
are  used  to  assign  the  rate  constants  for  dissociative  excitation  of  hydro- 
carbons and  Penning  ionization  of  small  molecules.  The  reactions  of  N9  or 
CO  with  He(2^S)  yielding  N.?+(B)  and  C0+(B)  are  shown  to  be  suitable  reference 
reactions  for  emissions  excited  by  metastable  helium  atom  reactions. 

Experimental 

The  cold  hollow-cathode  discharge  source  and  the  flow  tube  used  in  this 

study  were  similar  to  the  designs  previously  utilized  for  observation  of 

emissions  from  reaction  of  metastable  rare  gas  atoms. ^ All  observations  were 

made  at  a pressure  of  2 torr  or  less  to  exclude  excitation  from  sources  other 

than  the  metastable  atoms,  i.e.,  atomic  and  molecular  ions  of  helium.  The 

10  11  -3 

concentration  of  the  metastahle  atoms  were  in  the  10  -10  cm  range. 

Reagent  gases  were  mixed  with  helium  and  stored  in  reservoirs.  For  most  of  the 
measurements,  mixtures  of  the  reagent  and  reference  molecule  (N,  or  CO)  were 
prepared.  For  these  experiments  the  mole  fraction  of  the  components,  but  not 
the  absolute  flow  rates,  are  needed.  Spectra  were  obtained  with  a 0.75  meter 
Jarrell-Ash  monochromator  fitted  with  EMI  9558Q  photomultiplier  tube  and  SSR 
photon  counting  rate  meter.  Data  from  this  monochromator  were  taken  with 
computer  control  of  the  monochromator  drive.  The  response  of  this  detection 
system  was  calibrated  from  190-850  um.  Correction  for  the  response  was  done 
via  the  computer  as  the  emission  intensities  were  integrated. 

Reference  Reactions  for  Assignment  of  Dissociative  Excitation  Rate  Constants. 


The  rate  constant  for  an  observed  emission  process  can  be  easily  assigned 
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by  comparison  to  the  intensity  from  a reaction  channel  with  a known  rate  constant. 

In  this  section  the  N0  and  CO  reactions  with  He(23S)  will  be  shown  to  tie  suitable 
reference  reactions  for  He(23S).  The  total  quenching  rate  constants  for  CO 
and  N.,  have  been  measured  several  times4  using  the  flowing  afterglow  technique. 

The  branching  ratios  for  the  various  products  have  been  ascertained  from 

. . 9,13  . . . ..  6,14 

energy  analysis  to  the  electrons  and  from  observation  of  emission  intensities. 

These  are  listed  in  Table  1.  To  assign  the  formation  rate  constants  for  the 

various  channels  in  Table  2,  we  used  the  total  rate  constants  of  Ref.  4a  and  the 

branching  ratios  of  Ref.  6a  and  13  as  being  most  representative  of  the 

available  data. 

Experiments  were  done  to  confirm  the  expected  ratio  of  formation  rate 

constants  for  N„+(B-X)  and  CO+(B-X)  by  comparing  emission  intensities  for  the 
1 3 

same  concentration  of  He (2  S).  Assuming  there  is  no  quenching  of  any  of  the 
He2(3S)  + N2  ->■  N2+(B)  + He  + e“ 

+ CO  -*•  CO+(B)  + He  + e" 

emitting  states,  the  relative  emission  intensity  from  a prepared  mixture  of  N9 
and  CO  is  given  by, 

ICO+(B-X)  = kCO+(B)  = qCO+(B)(viCO  + He*)~1/2[CO]  (1) 

XN2+(B-X)  kN2+(B)[N2J  °N2+(B)  S2  + He*)“1/2[N2] 


where  I is  the  total  emission  intensity  of  the  (B-X)  system  of  the  ionic  species; 

3 

k is  the  rate  constant  for  producing  the  ionic  species  in  the  B state  via  He(2  S) 

Henning  Ionization;  a is  the  mean  thermal  excitation  cross  section;  and  y is  the 

3 

reduced  mass  of  the  respective  He(2  S)  neutral  system.  Thus,  a plot  of  I +.  . / 

CO  ii”  X ) 

XN  +(B-X)  versus  [CO]  / [N2  ] will  yield  a straight  line  of  slope  kC0+(B)/kN,,+  (g) 

Six  prepared  mixtures  of  CO  and  N9  diluted  in  helium  with  different  CO/N0 

ratios  were  added  separately  to  the  helium  afterglow  at  a total  pressure  of  2 

torr.  By  changing  the  flow  rate  of  each  prepared  mixture  while  maintaining 

first  order  condition  for  the  ionic  emission  intensities,  six  values  of  „,/ 

CO  vb-X) 

IM  . were  determined  and  averaged  to  obtain  each  point  on  the  graph  shown 

in  Figure  1.  The  (0,0)  and  (1,0)  bands  of  CO  (B-X)  and  N0  (B-X)  emission 
intensities  were  measured.  Emission  from  v * > ] were  not  observed.  After 
correcting  for  the  spectral  response  of  the  monochroma  tor/detec  tor  these  bands 
were  used  to  scale  the  observed  Intensity  to  the  total  relative  emisssion 
intensit iesX 3 in  the  following  wayj 


a. 


Rate  constants 
cm^  molec  ^ sec 

for  the  quenching  of  He(2  S) 
-1 

at  300°K  in  units  of  10  1 

N2 

CO 

References 

6.96 

9.85 

4a 

7.1 

4b 

6.3 

4c 

6.7 

10.7 

4d 

10 

17 

4e 

8.6 

4f 

Product  branching  ratios 

of  the  total  He(2^ 

S)  + Nj  and  CO  reaction  rates 

N^B) 

4(A) 

4 (X) 

References 

41 

24 

35 

13 

41 

19 

40 

9 

CO+(B) 

C0+(A) 

C0+OQ 

C * References 

. • • • 

22 

51 

13 

27 

22 

— 

6a , 17 

— 

22 

58 

9 

53 

17 

26 
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0 1 2 3 4 5 


[co]/[n2] 


Fig.  1 Plot  of  IC0+(B_X) /In2+(B-X)  versus  tC0]/tN2]-  T1,e  line 
is  the  least  squares  best  fit. 


^O.v" 


= I 


qO,V"  V0,V" 


0,0  V3 

D,0  0,0 


(2) 


^l.v"  Vl,v" 


v"Ii-v" ' Ii-° 


1,0  1,0 


and 


(3) 


1 TOTAL  £„  (I0,v"  + h.v"5  * 


(4) 


where q , ,,  is  the  Franc k-Condon  factor  and  v , ,,  is  the  transition  frequency  in 

-4-  -f- 

wave  numbers.  The  scale  factors  for  CO  (B-X)  and  N,(  (B-X)  are  listed  in  Table  3. 
The  slope  from  Figure  1,  as  determined  by  least  square  fit,  is  0.68.  This  can 
be  compared  to  the  ratio  obtained  from  Table  2,  which  gives  k^Q+^g-j/k^  +(fj)  = *-*.93. 
This  agreement  is  satisfactory  considering  the  large  number  of  measurements  from 
different  laboratories  involved  in  obtaining  the  ratio  from  Tables  1 and  2. 

One  advantage  of  N()+(B)  and  C0+(B)  as  reference  reactions  is  that  only  a 
small  number  of  vibrational  levels  are  produced  by  the  Penning  ionization  reaction. 
Furthermore,  most  of  the  emission  from  a given  vibrational  level  is  concentrated 
in  one  band.  The  experimentally  measured  relative  vibrational  band  areas  of  the 
B-X  transitions  are  in  good  agreement  with  values  calculated  from  Franck-Condon 
factors.  The  present  data  may  suggest  a mild  dependence  of  the  C0+(B)  transition 
probabilities  upon  the  r-centroid;  however,  this  will  not  be  discussed  here. 

The  relative  vibrational  populations  of  N,,+  (B)  and  C0+(B)  from  the  Penning 
reaction  are  in  good  agreement  with  earlier  work  and  need  no  further  discussion. 

One  disadvantage  of  He(2  S)  + CO  as  a reference  reaction  is  that  the  CO  (A-X) 
emission  is  extensive  in  the  300  to  635  nm  region  and  may  overlap  emission  from 
the  other  reactions  being  studied.  Since  both  (B)  and  CO  (B)  are  produced 

from  1^2  and  since  ^ (B)  is  produced  from  He+,  care  must  be  taken  to  adjust 
operating  conditions  (pressure)  so  that  these  ion  species  make  no  significant 
contribution  to  the  Nj  (B)  or  C0+(B)  emission  intensity. This  can  be  done  by 
monitoring  the  vibrational  populations  of  ^^(B),  since  the  appearance  of  higli 
vibrational  levels  identifies  the  presence  of  Ions. 

Since  the  He*  + CO  reaction  was  used  as  the  reference  reaction  to  determine  the 


absolute  cross-sections  for  emission  of  radiation  as  a result  of  Penning 
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Table  2.  Formation  rate  constants  for  the  products  of  He(2  S)  + and  CO 
reactions. 


Product 

Rate  Constant  113  1 

(in  units  of  10  cm  molec  sec  ) 

n2(b) 

2.85 

n2(a) 

1.50 

N2(X) 

2.61 

Total 

6.96 

C0+(B) 

2.66 

C0+(A) 

2.07 

CO  (X) 

5.12 

Total 

9.85 

Table  3.  Scaling  Factors  for  the  N2+(B-X)  and  CO+(B-X)  Transitions 


CO+(B-X)3 


N2(B-X)b 


q0,v"V0,v" 


qo,o  v0,0 


1.69 


1.45 


9 3 

1,0  vi,o 


a.  J.  E.  Hesser,  J.  Chem.  Phys. , 48,  2518  (1968). 

b.  F.  J.  Comes  and  F.  Speler,  Chem.  Phys.  Letters,  4,  13  (1969). 
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ionization  for  all  the  molecules  studied  here,  the  accuracy  of  the 

+ 14 

excitation  cross-section  of  CO  (B)  itself  becomes  crucial.  Hurt  and  Grable 

have  reported  a C0+ ( B) /C0+ (A)  ratio  of  3.  1 : 1 . 0 f ran  Penning  ionization,  a value 

quite  different  from  the  ratio  1. 2311.0  determined  in  this  laboratory  using  the 

same  experimental  technique.  if  the  total  He ( 2 ^ S ) quenching  cross-section  for 

CO  were  partitioned  according  to  Hurt  and  Grable ' s results,  the  ratio  of 

JC0+(B)  tU  °N  +(b)  wou*c*  ke  2.15,  which  is  more  than  three  times  larger  than 

the  experimental  value  measured  here. 

Results 


He*  + Hydrocarbons 

Neutral  dissociative  excitation  pathways  for  the  quenching  of  He(2^S) 
by  the  simplest  members  of  the  aliphatic,  cyclane,  aromatic,  olefinic  and 
acetylenic  hydrocarbon  series  were  studied.  Table  4 summarizes  the  spectra 
observed  from  each  reaction.  Experiments  also  were  done  in  the  vacuum  ultra- 
violet region;  however,  only  H Lyman-a  emission  was  observed.  No  evidence  for 
ion-electron  recombination  reactions  as  an  excitation  pathway  was  found  for 


any  of  these  systems.  The  dissociative  excitation  cross-sections  for  quenching 
of  He (2~*S)  by  the  hydrocarbons  was  measured  by  comparing  the  emission  intensities 
of  either  C0+(B)  or  N,,  + (B)  to  the  total  emission  intensity  from  the  hydrocarbons , 


i . e . 


IC0+(B-X)  = kC0+(B)[C°] 
XHC  k*  [HC] 


(5) 


The  easiest  way  t do  the  measurements  is  to  compare  intensities  from  prepared 
mixtures  since  this  method  insures  that  both  reagents  are  subject  to  the  same 
[He(2  S)].  If  overlap  of  the  emission  from  HC  and  N0+(B)  or  C0+(B)  prevents 
utilization  of  mixtures,  then  the  emission  intensity  from  HC  and  N0+(B)  was 
obtained  separately  under  conditions  (low  flows)  such  that  the  intensity  was 
first  order  in  reagent.  These  intensities,  corrected  for  reagent  flow,  were 
then  compared  to  obtain  rate  constants.  The  total  emission  intensity  from  the 
hydrocarbons  was  obtained  by  monitoring  the  CIl(A-X)  band  system  and  scaling  to  the 
total  emission  intensity,  according  to  Table  4.  The  dissociative  excitation 


cross-sections  were  deduced  from  the  slopes  of  l. , _ . 

HC  CO  (d—X) 


[ HC] / [CO] 
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I plots  and  are  listed  in  Table  5.  The  dissociative  excitation  channel  is  only 

8%  of  the  total  quenching  for  He(2  S)  + C^H.  and  much  less  for  CH^ , and 

cyclo-C^li^.  The  (^H  resu^*-  was  surprising  because  the  flame  appears  strong  to 
the  eye  and  extensive  spectra  are  obtained  from  200-600  11m.  Nevertheless,  none 
of  the  features  are  really  strong  and  the  emission  accounts  for  only  8%  of  the 
total  quenching.  It  is  interesting  to  note  that  the  CH(A-X)  and  C,(A-X)  are 
dominant  in  each  of  the  reactions.  The  H*  distributions  always  decline  with 
increasing  quantum  number. 

The  results  of  this  work  can  be  combined  with  previous  studies^  of  the 

ionization  pathways  to  better  characterize  the  distribution  of  exit  channels  from 

3 12b 

ile(2  S)  + hydrocarbons.  Herman  and  Cermak  have  shown  that  associative 

ionization  does  not  compete  effectively  with  Penning  ionization.  In  molecular 
1 2a 

beam  studies  , analysis  of  the  positive  ions  indicated  that  collision  cross- 

3 1 

sections  for  ionizing  reactions  of  polyatomic  molecules  with  He(2  S)  and  He(2  S) 

° 2 

were  large  (cxithe  order  of  10  A~)  and  the  ionic  fragmentation  pattern  quite 
extensive.''  The  lack  of  emission  spectra  that  could  be  attributed  to  ionic 
emission,  except  for  the  minor  CH+  from  suggests  that  the  electronically 

excited  states  of  the  ions  either  fragment  or  undergo  internal  conversion  before 
the  occurrence  of  radiative  transitions.  The  negative  results  of  the  tests 
for  ion-electron  combination  spectra  suggest  that  the  observed  neutral  emission 
must  result  from  predissociation  of  RH*  states  formed  in  the  primary  process. 

Table  6 is  an  attempt  to  compare  the  cross-sections  for  different  exit  channels 
3 

of  He(2  S)  + hydrocarbon  reactions.  Since  the  helium  metastables  in  Ref.  12a 

3 1 

consisted  of  both  He(2  S)  and  He(2  S),  the  data  in  the  first  column  of  Table  6 

cannot  be  compared  with  the  rest  on  an  absolute  basis.  Also,  it  should  be 

noted  that  the  absolute  cross-sections  for  total  ionization  obtained  by  beam 

measurements'"'*’''  yield  consistently  higher  values  than  the  total  quenching 

4 ci 

cross-sections  obtained  by  flowing  afterglow  measurements.  The  discrepancies, 
well  outside  the  combined  experimental  uncertainties,  are  still  not  totally 
explained  although  the  finding  of  a temperature  dependence  for  the  quenching 
rate  constants  explains  many  of  the  discrepancies.*'3 4’'"  One  must,  therefore, 
exercise  caution  when  comparing  cross-section  data  obtained  by  different 
methods.  However,  it  is  evident  that,  ionizing  collisions  dominate  the  total 
quenching  of  He(2^S)  by  hydrocarbons. 


.1 


jc 
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Table  5.  Dissociative  Excitation  Cross-Sections  for  Quenching  Ho(2  S) 


Reactant 

lie 

O i 

o total  (A2) 

* 

a He 

a total 

Cli, 

0.06 

9.84a 

0.006 

C2H2 

0.97 

12C 

''0.081 

C2H4 

0.27 

15C 

"0.018 

cyclo-C^H^ 

0.17 

22C 

-0.008 

* 

a.  cr  is  the 

He 

dissociative  excitation  cross  section 

determined  in  this 

b.  o total  is 

the  total  quenching 

cross  section  for 

He(23S)  with  HC. 

2 la 

c.  Estimated  from  the  correlation  with  polarizabilities  or  coefficients. 


A 


Table  6.  Exit  Channels  of  Reactions  of  Hydrocarbons  with  He(2  S) 


He(2  S)  + N20,  C02  and  C>2  “ + 

The  experimental  technique  described  for  the  hydrocarbons  lias  been 

extended  to  study  diatomic  and  triatomic  molecules  known  to  give  extensive 

3 

emission  in  the  190-850  nm  spectral  range  from  He(2  S)  reastions.  The  results 

of  some  preliminary  investigations  are  included  in  Table  7.  Emissions  from 

excited  parent  ions  dominate  the  observed  spectra.  Weak  neutral  emission  from 

3 1 + 

N9(B-A)  was  observed  in  the  He*  + N O reaction  and  C0(a  il+X  Z ) was  observed  from 
"3  1 

He(2  S)  + C09-  Both  of  these  neutral  processes  are  thought  to  arise  from  recom- 
bination of  molecular  ions  and  electrons.  However,  the  atomic  lines  of  oxygen 

3 j g 

arise  from  primary  interaction  between  He(2  S)  and  0 . An  interesting  obser- 

vation from  the  N20  reaction  is  the  appearance  of  the  N2+(B-X)  emission  at  high 
pressures.  Formation  of  N9+(B)  requires  an  energy  in  excess  of  19.8eV  and  we 

assign  this  reaction  to  charge  transfer  with  He  , giving  an  NO  state  that 

+ + * 

predissociates  to  N2  (B)  + 0.  The  N2  (B)  vibrational  distribution  has  maximum 

population  at  intermediate  levels.  Detailed  interpretation  of  N 0+  and  C09+ 

3 ^ ^ 

spectra  obtained  from  He(2  S)  + C02  and  N^O  is  planned.  Also,  additional  work 

will  be  done  to  assign  cross-sections  to  emission  processes  from  other  molecules 
3 

reacting  with  He(2  S) . As  soon  as  the  He,.4-  apparatus  is  operating,  the  excita- 

+ 1 3 

tion  processes  from  the  He2  reactions  will  be  compared  with  these  He(2  S) 

reactions. 


Table  7.  Cross-Sections  for  Emission  from  N20,  CC>2  and  0^. 


Reaction  Observed 


Emission  Spectra  Cross- 

Sections 


He(23S) 

+ 

n2o 

-> 

+ + 
N2CT  (A^E 

-* 

x2n) 

5.37 

a2 

He(23S) 

+ 

C°2 

-* 

C09+(A2H 
2 U 

x2n  ) 
8 

13.9 

CO  +(B2£+ 
2 u 

k2jk) 

2.48 

-> 

* 3 

CO’  (a  ll 

-y 

x]i;jb+  o 

0.3 

A2 

He ( 2 3 S ) 

+ 

°2 

°2V"U 

-y 

2 

XI  ) 
g 

1.29 

°2 

A 

y 

V<b\. 

a^n  ) 

u 

2.48 

A2 

1.61  A‘ 


(a)  Includes  oxygen  atomic  lines  observed  in  the  190-850  nm  range. 

(b)  The  CO (a) , as  well  as+other  CO*  states  .results  from  electron 
combination  with  C02  (X). 
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111.  Quenching  Reactions  of  Excited  Atomic  Halogen  States  (np  (K  +0S)  by 
Molecular  Halogens. 

J.  H.  Kelts  and  I).  W.  Setser,  J.  App.  Phvs.  , 48,  409  (.1977), 


Department  of  Chemistry.  Kansas  Stale  University,  Manhattan.  Kansas  66506 
(Received  12  July  1476) 

Ihe  reaction  of  electronically  excited  slate  Hr*(4/>\  5s)  atoms  with  Hr.  and  Bil  produces  electronically 
excited  Br*  , which  gives  a complex  emission  system  m the  190-350-nm  region.  In  both  cases  the 
excitation  reaction  probably  involves  bromine  atom  transfer  with  formation  of  BrJ.  Similar  reactions  may  be 
expected  between  other  excited  np4(n- + l).v  halogen  atoms  and  suitable  halogen  donor  molecules.  These 
experiments  were  done  in  a flowing-afterglow  apparatus  at  1-8  Torr;  the  Br*  atoms  were  generated  from 
interaction  of  the  precursor  molecules  with  metastable  argon  atoms  or  with  melastable  helium  atoms 
Linder  high-pressure  excitation  conditions,  formation  of  Brj  by  reaction  of  Br*  with  Br,  followed  by 
vibrational  relaxation  may  contribute  to  the  excitation  mechanism  for  the  Br]  laser  system  initiated  by  e- 
beani  or  discharge  pumping  of  Hr  /Ar  mixtures. 

PAC'S  numbers:  42  55  Hq,  34.50.Hc,  82.20.Rp,  82.30.Cf 


Laser  action  recently  has  been  observed  on  the 
molecular  bands  of  I2  (342  nmj1,1  and  Br,  (292  nm),1,4 
The  spectroscopic  assignments  are  not  well  known5; 
however,  it  is  accepted5-7  that  the  upper  state  is  of  the 
ionic  type  and  that  the  lower  state  probably  is  a member 
of  the  first  excited  triplet  manifold.  We  shall  denote 
the  upper  state  with  an  asterisk  without  attempting  a 
more  definitive  identification.  The  mechanism(s)  for 
producing  the  upper  state  in  the  discharge  of  e-beam- 
pumped  argon,  halogen  mixtures  is  not  estab- 
lished. in  this  work  we  have  investigated  the  reac- 

tion between  excited  Br*(5s)  atoms  and  Br,,  which  has 
been  suggested4  as  an  excitation  mechanism, 


Ar(3P2)  4 Br2-  ArBr*  4 Br 

- Ar  4 Br*(5s)  4 Br 
— Ar  4 Br*(5.s  "). 


(2) 


The  Br*(5.s)  and  Br*(5.s")  are  thought  to  be  formed  via 
predissociation  of  the  initially  formed  ArBr*.  The 
Br*(5v),  which  have  the  distribution 

2 p .2p  .4p  • 4 p .4  p 

rl/2  • rM  2 • * 1 / 2 * *3/2*  '5/2 

= 0.12:0.20:0.11  :1.0.0  80 


constitute  more  than  98‘%  of  the  observed  emission. 

Some  very  weak  Brj  emission  in  the  200— 300-nm  region 


Br*(5s  4Pj,  2Pj)  i Br2  — Br*  4 Br.  * (1) 

Based  upon  the  observation  of  Br2*  emission,  reaction 
(1)  does  provide  a possible  way  for  forming  Brj.  A 
similar  reaction  also  was  found  between  Br*(5s)  and 
BrI. 

The  experiments  utilized  a low-pressure  (1—8  Torr) 
flowing -afterglow  apparatus.  Metastable  argon  (the 
ratio  of  'P2/3P„  is  ~6  : 1)  or  metastable  He(2  3S)  atoms 
were  produced  by  flowing  prepurified  argon  or  helium 
through  a hollow  cathode  discharge. 9,10  The  reagents 
were  added  coaxially  to  the  flow  of  metastable  argon 
atoms  a few  milliseconds  after  the  discharge.  Emission 
from  190  to  800  nm  was  observed  with  a 0.  75-m  Jarrel- 
Ash  monochromator  fitted  with  a photomultiplier  tube 
and  a SSK  photon  counting  rate  meter.  Previous  stud- 
ies‘n  of  the  Br2  4 Ar(‘P2)  reaction  have  established  the 
quenching  rate  constant  of  Ar (3P2)  by  Br2,  66x10'” 
cm1  molecule'1  sec'*,  and  the  main  primary  productions, 
as  shown  in  reaction  (2). 


—t V i -1 ' ‘ 

230  280 

FIG.  1.  Spectra  from  Ar* ,)  * Hr,.  The  bromine  flow  was 
4 . 5 pmol  min"1  (corresjionding  to  a concentration  of  4 . H * 1 Ou 
molecules  cm*3)  with  a flow  tube  pressure  of  3.3  Torr.  Full 
scale  corresponds  to  3000  on  the  rate  meter,  the  spectrometer 
slit  width  was  100  p. 
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IK.  2.  Spectra  from  !ir’  : r.:  . The  bromine  flow  was  187 
iiminin-1  (corresponding;  to  a concentration  of  1.9X1011  mole- 
cule. cm"1)  with  a flow  tube  pressure  of  If.  4 Tori’.  I’ufl  scale 
corrcsp.mds  to  110  000  tin  t lie  rate  meter;  the  spectrometer  slit 
width  was  100  p.  The  sharp  features  on  (he  band  at  llJtl  nm  is 
Oll(.l-.V)  from  the  Art1/’*  .)  i 11.0  (impurity)  reaction. 


(see  Fig.  1)  also  seems  to  bo  directly  produced,  but 
this  emission  contributes  less  that  0.5*},'.  to  the  yield  of 
cxc  i ted  -state  products . 

In  the  present  work  high  flows  of  Brz  were  used  in 
order  to  intercept  the  Br*(5.x)  atoms  before  radiative 
decay  (in  the  vacuum  ultraviolet).  The  BrJ  emission 
spectrum  that  was  obtained  under  the  high  flow  condi- 
tions is  shown  in  Fig.  2.  The  difference  between  Figs. 

1 and  2 is  quite  obvious,  and  secondary  reactions  clear- 
ly must  contribute  to  the  Br*  excitation  for  high  flow 
conditions.  The  spectrum  in  Fig.  2 is  very  complex;  but 
the  most  intense  feature  is  the  broad  band  at  - 290  nm 
which  is  close  to  the  laser  transition.3’'1  The  variation 
of  the  Br*  emission  intensity  versus  Br*  flow  suggested 
that  the  formation  mechanism  for  the  spectrum  of  Fig. 

2 was  a secondary  reaction  of  Br*  with  Brz.  This  mech- 
anism was  confirmed  by  reacting  a high  flow  of  llrl  with 
Ar(3/’0  ,),  and  obtaining  an  emission  spectrum  .similar 
to  that  of  Fig.  2.  With  BrI,  an  I**  emission  system, 
peaking  at  342  nm,  also  was  observed.  For  further 
confirmation,  Br2  was  reacted  with  IIe(23S);  the  primary 
reaction  yields  excited-state  Br*  atoms,  as  well  as 
Penning  ionization. 11  For  high  Ur2  flows,  a Br*  emis- 
sion spectrum  strongly  resembling  that  of  Fig.  2 was 
obtained.  Since  Die  distributions  of  atomic  Br*  slates 
are  not  identical  for  the  Ho(23.V)  and  Ar(3/’„  .,)  reactions, 
the  two  Br*  emission  spectra  need  not  be  exactly  the 

sa  ne.  1 xperiments  also  were  done  in  which  CF*Br  and 
l.'i.r  were  reacted  with  Ar(3PB<2).  With  CF.Jlr  a weak 
emission  in  the  190— 250-nm  range  was  observed.  An 
extended  weak  emission  (200—300  nm)  was  observed 
with  IIBr,  which  may  be  analogous  to  the  many-lined 
HGT  continuum  observed  from  Ar(3Pu  P)  with  IIC1.  12  The 
emissions  from  IIBr  and  CF*Br  apparently  result  from 
primary  interactions  with  Ay{'I‘.,).  The  failure  to  form 
Br*  could  be  either  that  l$r*(.’>s)  is  not  produced  in  the 
primary  reaction  or  (hat  Br*  does  not  react  efficiently 
with  CFaHr  and  IIBr,  which  have  higher  bond  energies 
than  Brz  or  llrl,  to  form  Br* , 

Attempt:;  were  made  to  obtain  a spectrum  of  the  BrJ 
emission  at  higher  pressures  in  order  to  simplify  the 
ap.i  .irar.ee  of  the  spectrum.  However,  no  relaxation 
v...  ii!..  uirved  over  the  1 --8-Torr  region,  which  implies 
th-t  ibe  radiative  lifetime  of  Br*  is  <50  nsec.  Unforlu- 
r d ly,  the  spectrum  of  Fig.  2 is  not  suffii  ioiilly  rc- 


solved  to  permit  band  assignments,  although  on  a quali- 
tative basis  there  is  a resemblance  to  Hie  lir*  sp'cli.i 
excited  in  an  Ar/Br*  discharge  . ’’  A Ini  (her  complication 
is  that  the  emission  may  lie  a combination  of  bound - 
bound  and  hound-free  speed ra  . 11,1 1 

The  electronic  quenching  ot  Br(5  s /z)  I S'  ■ • b<’<  ; 
studied  by  llemand  and  Clyne.  The  cm..-.  seciim  . are 
0.04  A;'  for  Ar  and  140  A2  for  Br*.  Since  Hie  radiative 
lifetime11,  of  Hie  '1/’!t/!>  slate  ( L>  >'10  ’ sec)  is  an  ord  r 
of  magniliuie  larg.er  than  for  7',,.,  and  two  orders  of 
magnitude  larger  than  for  th  ■ other  three  stales, 

Demand  and  Clyne  could  only  study  quenching  of  the 

state.  In  our  expense  ills  [Ar,  */'„  ,\r  5 >10’  ' cm  3 
and  the  [Br|  concentration  can  be  110  larger  than  twice 
that  of  Ar(3d'„  2).  Therefore,  radiative  trapping,  of  the 
Dr*(5s)  states  will  be  unimportant.  Under  our  experi- 
mental  conditions,  [Br*]-  5 xlO13— 5 xlO11  mole- 
cules can'3  and  mainly  the  Br*  slate  with  the  longest  life- 
time ('/'.,/*)  will  react  with  Big.  Fortunately,  the 
branching;  ratio  for  formation  of  Br*  by  reaction  (2) 
must  be  relatively  high,  and  observation  of  the  Br* 
emission  from  quenching  of  Br*(5x)  was  possible.11' 

The  ionization  potential  of  Br*(5x)  is  4,0  eV.  There- 
fore, interaction  between  Br*(5.s)  and  reagents  wilii 
largo  electron  affinities  can  occur  by  an  io:  m -covalent 
curve -crossing  niechani.,111  in  the  same  way  as  tin-  1 fac  - 
tions of  mctastablo  rare -gas  atoms  or  alkali -metal 
atoms  with  such  reagents.10  The  large  quenching  rate 
constants  and  selectivity  for  formation  of  the  ionic 
molecular  excited  states  in  the  quenching  of  the  reso- 
nance atomic  halo;;  n states  by  halogen-containing,  mole- 
cules can  be  understood  in  terms  of  this  mechanism. 

The  Cl*(4s)  states  have  longer  lifetimes  than  the  Br*(5s) 
states  and  reactions  analogous  to  reaction  (1)  M be 
expected.  Unfortunately,  the  primary  interaction  of 
Ar(s/,(l  ,)  with  many  chlorine-containing  compounds”' 
either  produces  Cl*  directly  or  does  not  form  Cl" (l  .) 
because  of  energy  restrictions,  and  experiment;',  with 
Ar(3/'„  ;.)  for  investigation  of  the  Cl*  4 ACI.  reaction  (A 

polyatomic  group)  w'ere  inconclusive.  However,  r.  ac- 
tion of  He(23.S)  with  Cl*  does  give  IB ■ • Cl*  2G0-nm  con- 
tinuum. Since  Cl*(4.s),  as  well  as  Clz(.4),  are  ku:>.,n 
primary  products, 17,111  the  excitation  of  th.e  Cl*  stale 
may  involve  reaction  of  Cl* (Is)  with  Cl*.  The  radiative 
lifetimes  of  the  I * ((»*■• ) atoms  are  too  short  for  the  reac- 
tions between  1*  and  111  molecules  to  be  studied  easily  by 
the  technique  used  in  1 1 1 • .* : work.  Neveriiu  4c. -s,  ;i  very 
weak  I*  emission  was  observed  from  Ar(J/'(, .,)  with  BrI 
and  CF.,1. 

The  interaction  between  argon  melanlable  atoms  (and 
probably  the  diatomic  arg.on  oxcimor  states)  and  bro- 
mine- and  iodine-containing  molecules  have  large  rate 
constants  and  high  branching  ratios  for  for;  lation  of 
electronically  excited  bromine  and  iodine  atoms.  The 
present  work  indicates  that  the  subsequent  readier.;  be- 
tween the  excited  state  (»//>'* , 1/  -t  lx)  halogen  atom  and 
halogen-containing  molecule  are  rapid  and  may  have 
appreciable  branching  ratios  for  formation  of  excited 
states  of  Iho  molecular  halogens.  Therefore,  the 
depo  ition  of  energy  in  mixtures  of  argon  with  bromine- 
or  iodine  containing,  molecules  provides  an  cft'id  mt  way 
for  forming  Iho  ionic  excited  slat  ■;  of  tin?  moleni'.u 
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halogens.  hurther  work  is  needed  to  establish  assign-* 
nusits  for  the  upper  amt  lower  molecular  states  and  to 
measure  the  rate  constants  for  their  quenching  and 
vibrational  relaxation. 
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